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Abstract 
Combustion of fossil fuels, as well as exploration and production operations in petroleum industry is a source of greenhouse 
gases, mainly ଶ, which has been accounted for increasing concern over global warming. Deep saline aquifers are proposed as a 
promising sink for disposal of greenhouse gases in order to mitigate the air pollution. In this work, carbonate cores saturated with 
saline aquifer samples were exposed to ଶ  to investigate the role of geochemical reactions during ଶ  sequestration. 
Experiments were conducted for 91 days at temperature of 40 Ԩ and pressure of 62 bar with brine samples containing ା,ଶା, 
ଶା, 	ଶା, and ା ions present in the system, and in the presence of dolomite rock and ଶ.Comparison of ଶ-treated and 
untreated cores and analysis of brine samples taken during experiments revealed that dolomite was dissolved during experiments 
and concentration of ଶା and ଶା ions in the brine increased. In addition, the permeability and porosity of all cores increased 
after experiment. Meanwhile, analysis of SEM and XRD images showed there is no secondary mineralization, thus solubility 
trapping is the dominant mechanism of ଶ trapping in carbonate reservoir. The results of this study will provide an insight into 
future development of full-field sequestration of ଶ into saline aquifers. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of WMESS 2015. 
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1. Introduction 
Emission of greenhouse gases, especially anthropogenic۱۽૛, into the atmosphere is one of the main challenges in 
global warming and air pollution issues. In order to prevent emission of ۱۽૛ into the atmosphere, injection of ۱۽૛ 
into geological structures was introduced as an effective way to mitigate the air pollution. Deep saline aquifers are 
among the favorable options for ۱۽૛ sequestration in long term because of the large global distribution and storage 
capacity. The ۱۽૛  injected into saline aquifers could be trapped in a combination of physical and chemical 
mechanisms such as structural, hydrodynamic, residual (physical), solubility, and mineralization (chemical) 
mechanism [1]. It is assumed that at first, these formations are at equilibrium, but injection of ۱۽૛ disturbs the initial 
equilibrium and initiates interactions between ۱۽૛, brine, and reservoir rocks [2]. The extent of ۱۽૛ reaction with 
formation of brine and reservoir rock depends on various factors such as temperature, pressure, fluid chemistry, and 
composition of the reservoir rock, therefore, geochemical interactions of the ۱۽૛ with formation are completely site 
specific [7]. Hence, it is necessary to understand the behavior of each formation before injection of ۱۽૛ into a field 
scale. In order to have a useful knowledge about these behaviors, in-situ temperature and pressure experiments on 
۱۽૛/brine/rock systems will be a beneficial method. Wigand et al. [8] examined the geochemical effects of synthetic 
brine (1 M ۼ܉۱ܔ) and ۱۽૛on sandstones from deep saline aquifers (1500-2000 m) in batch experiments at 30 
bar/60 Ԩ and 1496 hour run duration. The results indicated dissolution of dolomite cement, K-feldspar, and albite. 
In addition, fluid analyses indicated that the concentration of aqueous elements increased during the experiments. 
Fisher et al. (2010) investigated the mineralogical changes of sandstone (Stuttgart Formation) due to ۱۽૛ injection. 
In this study, untreated and ۱۽૛-treated samples were tested in an autoclave at 55 bar and 40 Ԩ and during the 
duration of 15 months. Results showed the dissolution of calcium rich plagioclase, K-feldspar and anhydrite, and the 
precipitation of albite. Hug et al. (2012) performed ۱۽૛/water-brine/rock (Altmark Prmian) experiments at 50 bar 
and 120 Ԩ for 3, 4, and 9 days. Interaction of ۱۽૛with aqueous phase and rock caused dissolution of calcite and 
anhydrite and changing of the chemistry of water-brine under the reservoir condition. 
Other experiments investigate the effects of dissolution and precipitation on physical properties of the core samples. 
Izgecet [4] investigated the effects of ۱۽૛injection on porosity and permeability of the carbonate samples by 
computer tomography scanning (CT-Scan) for different brine salinity, ۱۽૛injection rate and temperature through 
core flooding experiments. Experimental results showed that either a permeability increase or decrease can be 
obtained. In addition to this, the trend of changes in rock properties was very case dependent. Water alternating gas 
(WAG) core flooding study was performed by [5], under different temperatures and ۱۽૛injection rates. The results 
showed that at higher temperature and injection rate, the permeability of cores increased due to ۱۽૛injection. 
Although the permeability of the inlet part of the core always increases, permeability of the end part of the core 
decreases. In another WAG core flooding study, Mohamed et al. [6] compared permeability behavior of limestone 
and dolomite cores. The results showed that all carbonate cores had the same chemical behavior, regardless of the 
initial core permeability. ۱۽૛-brine-rock interactions at 2400 bar and 100 Ԩ were investigated through a core 
flooding experiment [9]. The results indicated chemical and physical changes in solid and aqueous phases. Core 
porosity remained unchanged, whereas core permeability substantially changed. As seen from previous studies, the 
effect of ۱۽૛injection on rocks depends on conditions like brine chemistry, rock mineralogy, temperature and 
pressure. Therefore, in order to investigate the reactive behavior of ۱۽૛in carbonates rocks saturated with saline 
aquifer, a set of experiments was carried out at different temperature and pressure through a batch laboratory 
experiment. The aim of our study was to examine the mineralogical and chemical changes that result from rock-
brine-۱۽૛interactions, and as a consequence, change in porosity and permeability of the rock.  
2. Materials and Methods 
2.1 Sample description and analytical methods 
The rocks used for experiments were outcrops of carbonate rocks from upper layer of the Asmari-Jahrum formation. 
The cores were 38.1 mm in diameter and 45 mm in height on average. Measured permeability of core samples was 
in the range of 4-7 md. The X-ray diffraction (XRD) analysis was used to determine mineralogy of the core samples, 
using X’Pert Pro MPDmodel (PANalytical company, accuracy of 2.5 Wt). The XRD analysis of rocks before the 
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experiment demonstrated that cores were almost pure dolomite (2-5 weight percent accuracy); Chemical formula of 
samples A-24 and A-22 were ۱܉૚Ǥ૙ૠۻ܏૙Ǥૢ૜ሺ۱۽૜ሻ૛ and ܉ۻ܏ሺ۱۽૜ሻ૛ , respectively. However, density of both sample 
was 2.87܏ܚȀ܋ܕ૜. Fig. 1 shows the identification graph of sample A-22 before experiment as an example. 
 
Fig. 1. XRD analysis of the core sample before the experiment. 
Saline aquifer solution taken from Gachsaran aquifer formation was used as the aqueous phase. Concentrations of 
cations in the fluid before and during the experiments were determined by inductively coupled plasma optical 
emission spectrometry (ICP-OES). Original composition of the brine used in experiments contained 59000 ppm 
ۼ܉ା, 3800  ppm ۱܉૛ା, 1100  ppm ۻ܏૛ା, 750 ppm ۹ା, and <0.1 ppm ۴܍૛ା. 
2.2 Experimental procedure 
A 500 ml stainless steel 316 cylinder was used as a reaction cell. This cylinder can withstand high pressures and 
temperatures up to 400 bar and 120 Ԩ. An air bath fixed the temperature of the system during experiments. Porosity 
and permeability of the core samples were measured with nitrogen gas before starting the experiments. The 
experiment procedure is as follows. First, the cores were saturated with formation brine. Then, the core samples 
were put in the base of the cylinder with 75 ml brine. The level of brine was above the core sample so that all parts 
of the core sample were flooded in the brine. Next, ۱۽૛was injected into the system at T= 40 Ԩ and P= 62 bar 
during 91 days. The system was kept at a constant temperature and pressure during whole experiments. Fig. 2 shows 
a schematic of experimental set up. During the experiment, brine samples were periodically taken from the cylinder 
for cation analysis. The brine samples were acidified to pH= 2 with nitric acid (۶ۼ۽૜ ), in order to prevent 
precipitation as a result of depressurizing and pH increasing. At the end of experiment, the cylinder was 
depressurized and cooled down to ambient conditions. After that, the core sample was taken out of the cell and 
washed with methanol, and then dried under vacuum and 40 Ԩ. Lastly, porosity and permeability of the cores were 
measured again. 
3. Result and discussion 
3.1 Effect of CO2 on chemistry of aqueous phase 
ICP analysis of brine samples are shown in Fig. 3 and 4. According to these figures, concentration of ۻ܏૛ା and 
۱܉૛ା ions increased in sample A-22 and A-24 during the experiment. Increasing the concentration of ۱܉૛ା and 
ۻ܏૛ା shows that injection of ۱۽૛triggers chemical reactions between aqueous and solid phase. The mechanism of 
the process can be described as follows. First, ۱۽૛dissolves in brine and produces carbonic acid. Then, carbonic 
acid dissociates into hydrogen and bicarbonate ions, which results in drop of pH in solution (Eq. (1)).  
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Fig. 2. Schematic of brine-CO2-rock interaction experiment. 
Finally, hydrogen ions attack the rock and dissolve it (Eq. (2)). Dissolution of carbonate because of the described 
mechanism was addressed in other studies, e.g. in [5, 8]. Therefore, the amount of ۱܉૛ାand ۻ܏૛ା ions increases in 
a solution. 
ଶሺሻ ൅ ଶ ՞ ାሺሻ ൅ ଷି (1) 
ሺଷሻଶ ൅ ʹାሺሻ ՞ ଶା ൅ ଶା ൅ ʹଷି (2) 
The first fluid sample was taken from reaction cell 11 days after CO2 injection into the system. According to Figure 
3, concentration of ۻ܏૛ା and ۱܉૛ାrise sharply in the first sample to about 1050 ppm and 4100 ppm, respectively. 
This trend continues in the second and third samples for ۱܉૛ାand ۻ܏૛ାions.  
Fig.3 a) trend of Mg2+. Fig.3 b)   Ca2+ ions in sample A-22 versus time.
Since chemical formula of rock sample A-22 is ۱܉ۻ܏ሺ۱۽૜ሻ૛, relative variation of ۱܉૛ା and ۻ܏૛ାis the same. 
After this rising trend, concentration of these ions approximately remain stable till the end of experiment (variation 
is in the range of error bar). After 42 days, concentration of ۱܉૛ା  and ۻ܏૛ା  did not change considerably and 
reached a steady state. Hence, this stability means that reactions between rock and aqueous phase have reached 
equilibrium with respect to ۱܉૛ା and ۻ܏૛ା. As in A-22 experiment, the first sample from A-24 experiment was 
taken 11 days after injection of ۱۽૛into the cylinder. In this experiment, concentration of ۱܉૛ା increases smoothly 
until the second sample; after that, ۱܉૛ା changes have reached a stable condition (variation is in the range of the 
error bar). Concentration of ۻ܏૛ା ion has the same trend. After 22 days, ۻ܏૛ା concentration did not change and 
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reached an equilibrium. This increase in the concentration of ۻ܏૛ା  and ۱܉૛ା  ions is a result of dissolution of 
dolomite as the host rock.Concentration of ۱܉૛ା changes a little sharper than ۻ܏૛ା because of chemical formula of 
A-24 rock sample determined as ۱܉૚Ǥ૙ૠۻ܏૙Ǥૢ૜ሺ۱۽૜ሻ૛. Since carbonates like dolomite have a fast reaction rate, 
reactions have reached equilibrium at the early stages of the experiments. 
 
Fig.4 a) trend of Mg2+. Fig. 4 b) Ca2+ ions in sample A-24 versus time.
 
3.2 Effects of ࡯ࡻ૛on the carbonate rock 
The XRD analysis of rocks before experiment demonstrated that cores were almost pure dolomite (2-5 weight per 
cent accuracy). Fig. 5 and 6 show the XRD analysis of the samples before and after experiment. According to these 
figures, structure of the rocks did not change after ۱۽૛injection and there was no sign of secondary mineralization. 
Chemical formulas of sample A-24 and A-22 were ۱܉૚Ǥ૙ૠۻ܏૙Ǥૢ૜ሺ۱۽૜ሻ૛and ۱܉ۻ܏ሺ۱۽૜ሻ૛ǡ respectively. However, 
density of both samples was 2.87 ܏ܚȀ܋ܕ૜. XRD analysis of both rock samples before and after experiment showed 
that chemical formula and density of rocks did not change during experiments. 
 
Fig. 5. XRD curve of the A-24 sample before and after experiment. 
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Fig. 6. XRD curve of the A-22 sample before and after experiment. 
Beside the changes in chemistry of the brine, there were changes in the mineralogy of the solid phase. Fig. 7 shows 
the results of the SEM analysis of rock before and after experiment for A-22 sample. Comparison of SEM analysis 
showed that after ۱۽૛ injection, the rock surface was eroded (Fig. 7b) because of the acidic environment and 
dissolution of dolomite. This result was observed for A-24 sample as well. Fig. 8 shows that the smooth surface of 
the rocks did not change into a rough one.  
 
Fig. 7 a) Sample A-22  a) before experiment. Fig. 7 b) Sample A-22 after experiment. 
3.3 Effects of CO2 injection on porosity and permeability 
Generally, it is understood that interaction of ۱۽૛with carbonate rocks caused the dissolution of the rock and 
solubility trapping of ۱۽૛. Thus, porosity and permeability changed because of these reactions. Meanwhile, change 
of permeability because of dissolution and precipitation is the main feedback of ۱۽૛–rock-brine interaction. 
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Fig. 8 a) Sample A-24 before experiment. Fig.8 b) Sample A-24 after experiment. 
Porosity of the rocks before and after experiments is summarized in Table 1. As seen from Table 1, porosity of A-22 
and A-24 increased to 30% and 42%, respectively. This porosity increase is due to dissolution of dolomite phase. 
  Table 1: Changes in porosity of core samples after experiments. 
Sample Before Exp. (%) After Exp.(%) Change (%) 
A-24 10 13 30 
A-22 7 10 42 
Table 2 shows changes of permeability of core samples before and after ۱۽૛injection. As seen from Table 2, 
permeability of both cores A-22 and A-24 increased after experiment to 50% and 42%, respectively. This can be 
explained by dissolution of minerals and increase of pore throats size because of the acidic environment rationale for 
۱۽૛injection. Increase of permeability is an appropriate parameter in storing process since it improves the mobility 
of the fluid. Therefore, the amount of ۱۽૛ solubility would be increased. 
  Table 2: Changes in permeability of core samples after experiments. 
Sample Before Exp. (md) After Exp. (md) Change (%) 
A-24 7 10 42 
A-22 4 8 50 
 
4. Conclusion 
The effects of ۱۽૛ injection on solid and aqueous phase of Iranian aquifer were examined during simple 
experiments. Generally, petro-physical property of rock samples and chemistry of aqueous phase changed as a result 
of ۱۽૛-dolomite-brine interactions. ۱۽૛injection and acidification of the aqueous system caused the dissolution of 
dolomite and consequently, porosity and permeability of host rocks increased. Furthermore, dissolution of dolomite 
caused the number of ۱܉૛ା and ۻ܏૛ା ions to increase in the brine. However, after a short time interaction between 
solid and aqueous phase was stopped, hence, reactions in carbonate rock quickly reached the equilibrium. In 
addition to these phenomena, carbonate reservoirs are good at solubility trapping rather than mineral trapping, since 
no secondary carbonate was formed during experiment.   
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